Potassium aluminium tetrahydride KAlH 4 of high phase purity (space group Pnma (62)) was synthesized via a mechanochemical route. The thus obtained material was studied by 27 Al and 39 K MAS NMR spectroscopy. For both nuclei precise data for the isotropic chemical shift and the quadrupole coupling at T = 295 K were derived ( 27 Al: δ iso = (107.6±0.2) ppm, C Q = (1.29±0.02) MHz and η = 0.64±0.02; 39 K: δ iso = (6.1± 0.2) ppm, C Q = (0.562 ± 0.005) MHz and η = 0.74 ± 0.02). The straightforward NMR spectroscopic approach applied here should also work for other complex aluminium hydrides and for many other materials containing half-integer nuclei experiencing small to medium-sized quadrupole couplings.
Introduction
In the quest for materials for reversible hydrogen storage, complex aluminium hydrides have attracted much scientific interest in the last two decades. [1] [2] [3] Because of its excellent dehy-1 arXiv:1902.08540v1 [cond-mat.mtrl-sci] 22 Feb 2019 drogenation reversibility under the influence of a catalyst at moderate conditions, 4 sodium aluminium tetrahydride NaAlH 4 is certainly one of the most studied potential hydrogen storage materials. Besides other methods, X-ray [5] [6] [7] [8] and neutron diffraction, [6] [7] [8] [9] Raman scattering [10] [11] [12] and X-ray absorption 13, 14 and nuclear magnetic resonance (NMR) spectroscopy 5, [15] [16] [17] have been applied to study NaAlH 4 and its decomposition in great detail. Nevertheless, some important questions concerning the mechanism of hydrogen release and uptake remain open. 18, 19 The number of papers devoted to the characterization of the next heavier alkali aluminium hydride KAlH 4 is rather limited. Morioka et al. 20 have shown that potassium aluminium hydride can reversibly be dehydrogenated and rehydrogenated in the temperature range from 523 to 613 K without any catalysts. The decomposition of KAlH 4 into potassium hydride and aluminium metal releases only 4.3 wt.% hydrogen compared to 5.6 wt.% for the corresponding decomposition of NaAlH 4 . So, KAlH 4 is of course a rather unlikely candidate for a widespread application as hydrogen storage material. Nevertheless, the elucidation of structural details and mechanisms of dehydrogenation and rehydrogenation of KAlH 4 and other alkali aluminium hydrides, interesting in its own right, may help to better understand the more promising NaAlH 4 hydrogen storage system. Indeed, studies of the decomposition of KAlH 4 have revealed the formation of an unknown intermediate either instead of 21 or alongside with 22 the expected formation of the hexahydride K 3 AlH 6 . In an in-situ powder X-ray diffraction study using synchrotron radiation, three different intermediates with hitherto unknown structures have been found during the decomposition and formation of KAlH 4 . 23 More recently, Ares et al. 24 have detected only K 3 AlH 6 as intermediate in both the mechanochemical synthesis and the subsequent decomposition of KAlH 4 . These at least partially contradictory findings might indicate that the release and uptake reactions in alkali aluminium hydrides are more complex than hitherto thought and might also depend on the experimental conditions used.
There are at least two straightforward preparation methods for KAlH 4 . The first is a direct synthesis reported by Ashby et al. 25 starting from metallic potassium (or potassium hydride) and metallic aluminium under hydrogen pressure at elevated temperatures in diglyme. After precipation with a nonpolar solvent, filtration and careful drying, a pure KAlH 4 material can be obtained. Alternatively, the direct hydrogenation can be performed under mechanochemical conditions. 24, 26 Another, less demanding preparation method for KAlH 4 is the salt metathesis reaction starting from a potassium halide and NaAlH 4 or LiAlH 4 under mechanochemical conditions. 21 To remove the produced alkali halide, a subsequent treatment with diglyme is necessary. The pure KAlH 4 can once again be obtained after precipation, filtration and drying.
To the best of our knowledge, there are only four reports on NMR studies of potassium aluminium tetrahydride. Tarasov et al. 27 The aim of the present paper is to demonstrate that KAlH 4 with the previously described structure 29 can readily be synthesized following the established metathesis procedure. The thus obtained material exhibits a sufficient crystallinity and phase purity and allows the NMR chemical shift and quadrupole coupling parameters to be determined with high accuracy. The precise determination of these parameters combined with state-of-the-art DFT calculations offers an alternative approach to high-quality structures for polycrystalline materials. This NMR crystallographic approach is particularly helpful when diffraction-based methods are hampered by crystal twinning and stacking faults. 33 To ease the understanding of the procedure used for the extraction of the relevant param- 
X-ray diffraction
The X-ray diffraction (XRD) measurements were carried out in Debye-Scherrer transmission geometry on a STOE STADI P diffractometer using Cu Kα 1 (λ = 1.5460Å) radiation. To avoid any contact with air, sealed 0.5 mm diameter glass capillaries were used. The data were collected with a linear position sensitive detector fabricated by Stoe in the 15-80 • 2Θ range.
The NMR spectra were recorded on a Bruker Avance III HD 500WB spectrometer using For the 27 Al MAS NMR spectra, single π/12 pulses (t p = 0.6 µs) were applied at a repetition time of 2 s (2,000-16,000 scans) and spinning frequencies (ν M AS ) between 1. For the 39 K MAS NMR spectra, single π/8 pulses (t p = 3.0 µs) were applied at a repetition time of 6 s (4,000-24,000 scans) and spinning frequencies between 4.0 and 6.0 kHz. The 39 K chemical shifts are given with respect to 1.0 M aqueous solution of potassium chloride using solid potassium chloride (ν M AS = 6 kHz) with its sharp resonance at δ= 47.8 ppm 34 as secondary standard. Solid potassium chloride was also used for determining the flip-angle.
Both the spinning-sideband patterns of the 27 Al MAS NMR spectra and the centrebands of the 39 K MAS NMR spectra were simulated by using the solids lineshape analysis module implemented in the TopSpin TM 3.2 NMR software package from Bruker BioSpin GmbH.
Throughout the paper any effect of chemical shift anisotropy on the 27 Al NMR lineshape is neglected. 
Results and discussion
The quadrupole-induced shift δ qis (m) depends on the spin quantum numbers I and m, the quadrupole coupling constant C Q and the asymmetry parameter η of the nucleus under study and the magnetic field at which the spectrum is measured. 41 The quadrupole coupling constant is defined as
where eq = V zz is the zz-component of the electric-field gradient tensor, e is the elementary charge, and Q is the quadrupole moment of the nucleus. 42 With the usual convention for the principal tensor components, |V zz | ≥ |V yy | ≥ |V xx |, the asymmetry parameter is definded as
As shown by Samoson, 41 the quadrupole-induced shift of a transition (m − 1 ↔ m) of a nucleus with spin I can be calculated by the following formula:
Here, ν L is the Larmor frequency divided by 2π.
Although the effects of the quadrupole interaction on shape and position of NMR lines are well known to experts in the field, line positions observed in NMR spectra of quadupolar nuclei are very often erroneously reported as chemical shifts. For the central transition, the quadrupole-induced shift is always negative, i.e., the resonance line is shifted to higher field.
By determining δ cg (m) for two different values of m, the isotropic chemical shift δ iso can be experimentally obtained in a reliable way. In particular, for a nucleus with I = 5 2 the quadrupole-induced shift of the inner satellite transitions is given by δ qis ( 3 2 ) = −δ qis ( 1 2 )/8. 41 Hence, the isotropic chemical shift can easily be calculated from the following relation:
If the quadrupole coupling is small, δ iso is very close to the centre of gravity of the inner The well-resolved MAS NMR spectrum in Fig. 2 does not only allow the correct isotropic chemical shift to be determined, but also the strength of the quadrupole coupling to be estimated. The splitting between the maxima of the spinning sidebands of the two pairs of satellite transitions amounts to (2.3 ± 0.1) ppm. Eqn (1) implies that the splitting is caused by the difference in the quadrupole-induced shifts. Eqn (4) shows that for I = 5 2 this difference is given by
Hence, the splitting observed in the spinning sidebands is directly related to the two parameters describing the quadrupole interaction: the quadrupole coupling constant C Q and the asymmetry parameter η. The quantity
is referred to as the quadrupolar interaction product 43 or the second-order quadrupole effect (SOQE). 44, 45 Since eqn (6) yields a value of about 1.39 MHz for P , the quadrupole coupling constant for the aluminium atom in KAlH 4 must lie somewhere in the range of 1.20 MHz (if η = 1) to 1.39 MHz (if η = 0). Alternatively, the value of P could be determined from the difference δ qis ( 3 2 ) − δ qis ( 1 2 ). However, this difference is only one third of that given in eqn (6) . Provided that the spinning sidebands of the outer satellite transitions are well resolved, calculations based on eqn (6) are more precise.
We can even go one step further. At sufficiently low spinning speeds, the envelope of the spinning sidebands agrees with the lineshape one would obtain for a stationary sample. The total spread of the resonance line caused by a pair of satellite transitions (∆ν T S (m)) depends on the quadrupole coupling constant C Q , but is independent of the asymmetry parameter η. 46 Hence, the range over which the spinning sidebands can be observed yields a rather good estimate for C Q . If the range over which sidebands are actually detected is limited by the finite bandwidth of the probe, the excitation or the receiver, spectra with various frequency offsets can be taken to overcome these limitations. For the 27 Al nucleus (I = 5 2 ), the relation between ∆ν T S (m) and C Q reads as 39, 46 ∆ν T S ( 5 2 ) = 2∆ν T S ( 3 2 ) =
27 Al MAS NMR spectra of KAlH 4 measured at different spinning frequencies are summarized in Fig. 3 . The spectrum in the middle shows the same spectrum as Fig. 2 , but now in a wide range of 6700 ppm corresponding to about 0.87 MHz. The two sets of spinning sidebands caused by the inner and outer satellite transitions can easily be discerned. In the spectrum measured at the lowest spinning frequency (top trace in Fig. 3 ), the sidebands of the inner satellites spread from 1620 ppm to −1410 ppm (∆ν T S ( 3 2 ) ≈ 395 kHz) and those of the outer satellites from 3130 ppm to −2920 ppm (∆ν T S ( C Q ≈ 1.32 MHz. This result falls into the range derived above from the splitting of the spinning sidebands of the satellite transitions. From this value for C Q and the above determined value for the quadrupolar interaction product P , we obtain a first estimate for the assymetry parameter: η ≈ 0.6. The non-vanishing asymmetry parameter corresponds to the fact that the aluminium atoms are located in Wyckoff position 4c in Pnma KAlH 4 . There is no C n axis with n ≥ 3 going through this position.
A more precise estimate of the asymmetry parameter can be obtained when the ratio between the splitting of the maxima of the inner satellite transition (∆ν M ( 3 2 )) and the total spread of this transition (∆ν T S ( 3 2 )) is used. From the definition of η (eqn (3)) and the fact that the field gradient tensor is traceless, it follows that for any transition m the asymmetry parameter is related to the characteristic points of the first-order quadrupole lineshape by the following equation:
The spectrum measured at ν M AS = 1.4 kHz (top trace in Fig. 3 ) yields ∆ν M ( 3 2 ) ≈ 69 kHz. With the above derived value for ∆ν T S ( 3 2 ) we obtain η ≈ 0.65. This value of the asymmetry parameter and the above derived one for the quadrupole coupling constant have been used to simulate the lineshape of the satellite transitions one would obtain for a non-spinning sample (cf. Fig. 3 ). Fig. 3 shows that spinning at 1.4 kHz is still too fast to avoid significant deviations of the envelope of the sideband pattern from the lineshape of the stationary sample. Almost three decades ago, Jakobsen and co-workers have demonstrated that these characteristic intensity modulations of the spinning sidebands of the satellite transitions can be used to determine the values of the parameters C Q and η with high accuracy. 44, 45 Nowadays, the software to perform this kind of lineshape simulations comes with the spectrometer. Using the above derived values for the parameters δ iso , C Q and η as starting values for the fit, only a few iteration cycles are necessary to reach a nice agreement between experiment and simulation, as shown in Fig. 4 . The reduced intensities in the outer wings of the experimental sideband pattern are mainly caused by the limited excitation width of the rf pulses used. The quality of the fit can better be judged from the enlarged version of Fig. 3 given as Fig. S2 in the ESI. 
For I = Provided that neither other broadening mechanisms nor the presence of by-products obscure the characteristic features of the quadrupolar lineshape, the parameters describing the quadrupole interaction can alternatively be derived from spectra measured without spinning the sample under the magic angle. Because of the width of these spectra, corresponding to a very fast decay of the NMR signal, the spectra of stationary samples have to be measured with an appropriate echo technique to overcome the inevitable dead time problems after a strong radio pulse. For molecular aluminophosphate compounds containing aluminium nuclei with quadrupole coupling constants slightly larger than the one observed here, the Solomon echo sequence 47 has successfully been applied as an alternative approach for the determination of C Q and η. 48 The values determined for C Q and η in the present paper do not agree with any of the pairs of quadrupole coupling parameters determined by Tarasov et al. 27 for the three different sites they found (C Q in MHz/η: 0.58/0.1, 2.07/0.0, 2.8/0.05). The authors inferred the presence of these different sites with different quadrupole couplings from a pattern of very weak resonance lines on both sides of the strong central line of KAlH 4 . On the other hand, the authors mention the presence of a by-product giving rise to a broad line in the analysis, the authors state a phase purity of no more than 95-97%. Hence, we refrain from speculating about the origin of this obvious disagreement with our data.
Sorte et al. 31 reported first-order quadrupole patterns "from both MAS and quadrupole echoes, with no sharp singularities." The lack of well-defined lineshapes is obviously due to the rather questionable quality of the KAlH 4 sample used. It should be noted that the NMR measurements were performed on the unannealed material, i.e., not on the material whose XRD pattern is given in the paper. Apart from the obvious presence of a significant amount of metallic aluminium, the authors mention several reflections in the XRD pattern of the unannealed material that do not correspond to Pnma KAlH 4 and assign them to unknown impurities or to other crystal phases of KAlH 4 . 31 With this characteristics of the material it is debatable as to which extent the experimental results obtained mirror intrinsic properties of KAlH 4 and not the peculiarities of the sample measured.
Ares et al. 24 reported rather well resolved 27 Al MAS NMR spectra for KAlH 4 samples synthesized via direct hydrogenation under mechanochemical conditions with and without the presence of different metal chlorides. Their spectra are very similar to those we recorded for samples directly after the salt metathesis, i.e., prior to the recrystallisation procedure described above. We believe that the lack of sharp features in the first-order quadrupolar spinning-sideband patterns noticed by the authors 24 is typical of materials produced by ball milling since they usually consist of very small particles with a large number of defects.
In particular, the presence of strong spinning sidebands of the central transition masks the minimum in the envelope of the spinning sidebands of the inner satellite transition in the centre of the line. This leads to the erroneous assumption of a small or even vanishing asymmetry parameter. Furthermore, we have never achieved a sufficient resolution of the sidebands of the outer and inner satellite transition for samples obtained directly from ball milling. The attempt undertaken by Ares et al. 24 to fit the sideband envelope by using the parameters reported by Tarasov et al. 27 was bound to fail. Hence, we are left without any 27 Al NMR study on KAlH 4 we can compare our results with.
For the much better studied NaAlH 4 , which crystallises in the tetragonal space group I4 1 /a, 9 a significantly stronger quadrupole coupling has been found (C Q = 3.15 MHz 15 ).
Since the Al atoms in NaAlH 4 are located in Wyckoff position 4b, i.e., on a C 4 axis, the asymmetry parameter is zero. For the monoclinic LiAlH 4 (space group P 2 1 /c 49 ) an even stronger quadrupole coupling (C Q = 3.90 MHz 50,51 ) has been reported. The asymmetry parameter for LiAlH 4 has been determined as 0.30 50 or 0.24. 51 For both the orthorhombic and the tetragonal phases of CsAlH 4 , centrebands of the 27 Al central transition have been observed 32 that are almost as narrow and without any indication of second-order quadrupole interaction as the centrebands obtained here for KAlH 4 . Hence, we estimate that the strength of the quadrupole coupling for both modifications of CsAlH 4 is similar to that of KAlH 4 .
K MAS NMR spectroscopy
Because of the relatively low gyromagnetic ratio of the 39 K isotope (natural abundance: 93.3%, I = 3
2 ), the intensity of the resonance line is much weaker than in the case of the same number of 27 Al nuclei at the same field. Furthermore, quadrupole coupling constants of up to 3.2 MHz have been found for the cation in simple potassium salts. 52 For I = 3 2 a quadrupole coupling of this strength leads to much wider resonance lines than in the case of I = 5 2 . As can be seen in eqn (10), the total width of the central transition due to secondorder quadrupole interaction scales with the factor (I(I + 1) − 3 4 )(I 2 (2I − 1) 2 ) −1 . However, with the sensitivity of modern NMR spectrometers operating at sufficiently high magnetic fields the detection of 39 K NMR lines for solids is usually no serious problem, provided that the samples are well defined. of the resonance line ∆ν T S,M AS ( 1 2 ) is about 920 Hz. Assuming an asymmetry parameter of 0.8, eqn (10) yields an estimate for the quadrupole coupling constant: C Q ≈ 0.5 MHz. These values were used as starting values for an iterative simulation of the lineshape. As Fig. 5 shows, the simulation does not only reproduce the characteristic features of the centreband of the central transition, but identifies the spectral intensity on the low-field side of this line as the much weaker centreband of the satellite transitions (− 3 2 ↔ − 1 2 ) and (+ 1 2 ↔ + 3 2 ). There is no indication of the presence of any potassium-containing by-product. By comparing simulated and experimental spectra measured at different spinning speeds we derived the following parameters: δ iso = (6.1 ± 0.2) ppm, C Q = (0.562 ± 0.005) MHz and η = 0.74 ± 0.02. At first glance, there is a large discrepancy between our data and those reported by 
with a = 144∆ν T S /(25 + 22η + η 2 ). For I = 3 2 , using a factor (2I + 1) instead of the correct (2I − 1) accounts for a factor of two for the quadrupole coupling constant. Hence, our data for the quadrupole coupling actually agree very nicely with those found by Tarasov et al. 27 Eqn (11) follows directly from the mathematical expressions found for the minimum and maximum frequencies of the central transition for a half-integer nucleus that is subjected to second-order quadrupole interaction. 42 In analogy to eqn (10) for a sample under MAS conditions, the total spread of the resonance line for a stationary sample is given by: ∆ν (2) T S ( 1 2 ) = 1 64
The discrepancy concerning the chemical shift data can be explained even more easily.
What Tarasov et al. 27 refer to as isotropic chemical shift is not δ iso , but the shift of the centre of gravity of the resonance line caused by second-order quadrupole interaction, i.e., the quadrupole-induced shift δ qis . From eqn (4) it follows that for I = 3 2 this shift is given by
With our above determined parameters of the quadrupole coupling, eqn (13) Hence, our data agree very well with those of the earlier study.
In the more recent paper by Sorte et al., 31 
T S ( 1 2 ) = 5.1 kHz. According to eqn (12) , one would expect a total spread of the resonance line of about 4.94 kHz from the above determined parameters.
Hence, we have to conclude that the 39 K NMR line reported by Sorte et al. 31 is not caused by the potassium ions in Pnma KAlH 4 .
Conclusions
We have shown that potassium aluminium tetrahydride KAlH 4 of high phase purity can easily be synthesized via a mechanochemical route. The thus obtained material crystallises in space group Pnma (62). We believe that a sufficient quality of the hydride sample is not only important for obtaining a convincing resolution in the MAS NMR spectra, but will be of paramount importance in future studies of dynamical properties and the decomposition process.
Using a well-established procedure and spectral simulation we have derived precise data for the isotropic chemical shift and the quadrupole coupling for both nuclei studied. Apart from the quadrupole coupling data for 27 Al, the results agree fairly well with those of an earlier study by Tarasov et al. 27 Provided that samples of sufficient crystallinity and phase purity are used, the approach applied in the present paper should also work for other alkali aluminium hydrides and, more generally, for many other materials containing half-integer nuclei experiencing small to medium-sized quadrupole couplings.
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